Recently, we found that in ovo feeding of L-leucine (L-Leu) stimulated the metabolism of lipids and afforded thermotolerance in male Chunky broiler chicks. In this study, we investigated the effects of feeding L-Leu in ovo on the metabolism of amino acids and on the cellular stress response mainly in the central and peripheral tissues in neonatal male broiler chicks and partly in embryonic tissues. Chicks (9 d old) were exposed to high ambient temperature (HT: 35 ± 1
INTRODUCTION
Chickens are proposed as a special animal model for heat-stress studies because they do not have sweat glands (Ensminger et al., 1990) and are very sensitive to heat stress (Chowdhury et al., 2012) . Heat stress increases body temperature and induces oxidative stress Yang et al., 2016) . Recently, it was found that the metabolic activity of amino acids C 2018 Poultry Science Association Inc. Received April 21, 2018. Accepted August 31, 2018. 1 Corresponding author: vc-sur@artsci.kyushu-u.ac.jp is significantly influenced by heat stress Ito et al., 2014 Ito et al., , 2015 , and some free amino acids have been found to be potential bio-agents to reduce body temperature under heat stress in chicks (Chowdhury et al., , 2017 Han et al., 2017 Han et al., , 2018 Chowdhury, 2018) .
In a recent study, we found that thermal manipulation, which is a technique for the acquisition of thermotolerance in chickens (Loyau et al., 2014) , significantly reduced several free amino acid concentrations, including L-leucine (L-Leu) in the embryonic brain and liver (Han et al., 2017) . Therefore, L-Leu and other branched-chain amino acids, namely, L-isoleucine (L-Ile) and L-valine (L-Val) were chosen for in ovo feeding, which revealed that in ovo L-Leu, but not in ovo L-Ile or L-Val, caused a decline in body temperature at hatching, and afforded thermotolerance in young male broiler chicks (Han et al., 2017) . Recently, it was further found that in ovo feeding of L-Leu stimulates lipid metabolic activity and improves thermotolerance in male, but not female, young broiler chicks (Han et al., 2018) . However, it is still unknown whether the metabolic activity of amino acids is influenced by the in ovo feeding of L-Leu in chicks. Thus, we examined the effects of in ovo feeding of L-Leu on the metabolic activity of amino acids in broiler chicks under heat stress.
The mammalian target of rapamycin (mTOR) and its downstream targets, ribosomal protein S6 kinase (S6K1) and eukaryotic initiation factor 4E binding protein 1 (4E-BP1), act as regulators of energy metabolism and homeostasis (Laplante and Sabatini, 2012) . It is well known that L-Leu is a regulator of mTOR signaling pathways in the hypothalamus (Cota et al., 2006) and muscle (Deng et al., 2014) . The mTOR can directly phosphorylate heat-shock transcription factor 1 and plays an essential role in heat-shock protein (HSP) synthesis (Chou et al., 2012) . HSP-70 and -90 have been extensively studied among HSP families and their gene expression serves as a biomarker of thermal stress or oxidative stress in organisms (El Golli-Bennour and Bacha, 2011; Tedeschi et al., 2015) . Therefore, we further investigated the effects of in ovo feeding of L-Leu on HSPs and the mTOR signaling pathway in heat-exposed broiler chicks.
MATERIALS AND METHODS

Experimental Design
In Experiment 1, 40 eggs from the Chunky broiler strain (breeder age: 42 wk old) were purchased from a local hatchery (Mori Hatchery, Fukuoka, Japan) and placed into incubator (SHOWA P008 type incubator, SHOWA Furanki Company, Saitama, Japan) under an incubation temperature of 37.6
• C with 58-68% relative humidity and auto-turning every hour. The capacity of the incubator was 84 eggs. The eggs were divided into control and in ovo fed L-Leu groups (n = 20/group with an average egg weight of 64.9 g). There were two factors in the arrangement of the embryonic sample collection, as follows: (1) in ovo feeding (control: sterile water or treatment: L-Leu), and (2) embryonic age (ED 14 or ED 19) , with 6 to 9 embryos per group. The control group was fed sterile water (500 μl/egg) and the L-Leu group was fed 34.5 μmol L-Leu dissolved in 500 μl sterile water/egg as described elsewhere (Ohta et al., 1999 (Ohta et al., , 2001 Han et al., 2017 Han et al., , 2018 . The unfertilized eggs were detected by candling and were discarded before the in ovo feeding on embryonic day (ED) 7. After disinfection and making a small hole at the larger end of each egg, sterile water or L-Leu solution was injected to a depth of 25 mm with a 1-ml disposable syringe that had a 25-gauge needle. After completion of the injection, the small holes were immediately sealed with scotch tape, and the eggs were returned to the incubators for incubation. At the end of ED 18, the eggs were shifted to the hatching trays. On ED 14 and 19, the embryos were decapitated following anesthesia with isoflurane (Mylan Inc., Tokyo, Japan), after which the embryonic brain, liver, and breast muscle samples were collected. Samples were snap frozen in liquid nitrogen and stored at −80
• C for further gene expression analysis. The number of samples obtained from both sexes in each group was as follows: Control (ED 14 = 9, ED 19 = 9); L-Leu (ED 14 = 6, ED 19 = 8). Since the sex of the embryos was not identified in this experiment, we considered the data as a preliminary observation. A future study will focus on the embryonic sex-dependent response to L-Leu feeding.
In Experiment 2, 120 fertilized broiler eggs of the Chunky broiler strain (breeder age: 36 wk old) were placed into two incubators and divided into two groups: control feeding and L-Leu feeding (n = 60/group with an average egg weight of 58.4 g) based on the initial egg weight. The incubation and in ovo feeding processes were the same as described in Experiment 1. The eggs were transferred daily between the two incubators with a cross-over design for ruling out the effects of the incubators until shifting to the hatching trays. After hatching, 93 chicks were housed in groups in metal cages (floor space: 36 cm × 50 cm; height: 30 cm) under a control thermoneutral temperature (CT) with 30
• C for 1 to 4 d, and 28
• C for 5 to 9 d, as reported previously (Han et al., 2017 (Han et al., , 2018 . The chicks were provided with free access to feed (Adjust diets; metabolizable energy: 3,011 kcal/kg; crude protein: 23.0%; Toyohashi Feed and Mills Co. Ltd., Aichi, Japan) and water as well as continuous lighting. At 2 d old, male chicks were selected for the current study by feather identification because our previous study confirmed that in ovo feeding of L-Leu afforded thermotolerance only in male broiler chicks, and not in the females (Han et al., 2017 (Han et al., , 2018 . The 35 males were randomly selected from two groups (control = 18, L-Leu = 17) for the post-hatch experiment. There were two factors in the arrangement of the heat stress study, as follows: (1) in ovo feeding (control: sterile water or treatment: L-Leu), and (2) ambient temperature (CT or high ambient temperature (HT)), with 8 to 9 chicks per group. At 7 d old, the chicks were individually isolated into plastic cages (floor space: 16 cm × 28 cm; height: 14 cm) for acclimatizing to the individual cages. At 9 d old, the chicks along with their plastic cages from the two groups (control and L-Leu) were exposed for a single period of 180 min to HT (35 ± 1
• C) in chambers (Sanyo Electric Co. Ltd., Japan; Catalog number: Sanyo MIR-254) or to CT (28 ± 1
• C) in similar chamber structures made out of cardboard. The chamber had lighting from the top, and the chamber door was replaced with a transparent acrylic plate so that sufficient room light entered inside the chamber. All birds under both HT and CT were provided with free access to feed and water. The feeder and water container were hung inside the plastic cages containing chicks. At the end of the heat exposure for 180 min, the 9 d old chicks were properly anesthetized with isoflurane (Mylan Inc., Tokyo, Japan) before being euthanized for sample collection. The blood was immediately collected from the jugular vein into heparinized tubes and centrifuged at 10,000 × g at 4
• C for 4 min to collect the plasma. The brain (diencephalon), breast muscle (pectoralis muscle), and liver samples were immediately collected following blood collection and snap frozen using liquid nitrogen. All the collected samples were stored at −80
• C until further analysis took place. This study was performed according to the guidelines for animal experiments in the Faculty of Agriculture, Kyushu University and complied with Law No. 105 and Notification No. 6 of the Japanese government.
Isolation of Total RNA and Quantitative Real-Time PCR
Total RNA was isolated from the brain, liver, and breast muscle of broiler chicks using RNAiso Plus (TakaRa Bio Inc., Shiga, Japan), as described in the manufacturer's protocol. The reverse transcription reaction was performed using a PrimerScript RT Reagent Kit with gDNA Eraser (Takara, Shiga, Japan) according to the manufacturer's protocol by using 1 μg of total RNA. All primers were tested by routine PCR (Takara PCR Thermal Cycler Dice, Takara, Shiga, Japan) and gel electrophoresis before carrying out the real-time PCR. cDNA from brain, liver, and muscle tissues was analyzed for expression of mTOR, S6K1, 4E-BP1, HSP-70 and -90 by routine PCR. To quantify the expression of these genes, real-time PCR was performed by using Startagene MX 3000P (Agilent Technologies, Tokyo, Japan) with a denaturation step at 95
• C for 30 s, with 40 cycles of amplification at 95
• C for 5 s, and a primer-specific temperature for 30 s. The primers were designed using Primer-Blast software (http://www.ncbi.nlm.nih.gov/tools/primer-blast/) and total sequences are listed in Table 1 . Dissociation curves were carried out to confirm the specificity of the PCR conditions. Real-time quantification of target genes was normalized to the threshold number of cycles (ct) of ribosomal protein S17 (S17). The difference in mRNA expression in tested genes relative to S17 was calculated using the 2 −ΔΔct formula (Livak and Schmittgen, 2001 ).
Analysis of Free Amino Acids in the Brain, Liver and Plasma
The free amino acids concentrations in the brain (diencephalon), liver, and plasma were analyzed by HPLC according to the method of Boogers et al. (2008) , with some modifications as described by Ito et al. (2014) . The brain and liver samples were weighed and homogenized in an ice-cold 0.2 M perchloric acid solution containing 0.01 M ethylenediaminetetraacetic acid disodium salt (EDTA r 2Na) and left for deproteinization on ice. After 30 min, the brain and liver samples were centrifuged at 4
• C at 20,000 × g for 15 min. The homogenates were gathered and filtrated through a 0.2-μm filter (Millipore, Bedford, USA). Plasma samples were centrifuged (4 • C and 14,000 × g for 15 min) with ultrafiltration tubes (Amicon Ultra-0.5, Millipore, Bedford, USA) to collect filtrate for analysis. The 20 μl filtrate of brain or liver was mixed with 2 μl of 1 M NaOH solution for adjusting the pH, while the 10 μl filtrate of plasma had no pH adjustment, and then the filtrates were dried (1,500 rpm, 6 h at room temperature) under reduced pressure. The drying residues were dissolved in 10 μl of a mixed solution of 1 M sodium acetate-methanol-trimethylamine (2:2:1) and were then re-dried (1,500 rpm, 6 h at room temperature) under reduced pressure. The residues were dissolved in 20 μl of methanol-distilled water-trimethylaminephenylisothiocyanate (7:1:1:1) and were then left for 20 min under room temperature. The samples were dried (1,500 rpm, 6 h at room temperature) again and dissolved in a 200 μl Pico-Tag Mobile Phase A solution and filtrated through 0.2-μm filters. The same processes were performed on standard solutions which were prepared by diluting a commercially available L-amino acid solution (type ANII, type B, L-asparagine, L-glutamine and L-tryptophan; Wako, Osaka, Japan) with distilled water. The solution containing the derivatives was implemented using a Waters HPLC system. It was equilibrated with Mobile Phase A (70 mM sodium acetate adjusted to pH 6.45 with 10% acetic acid-acetonitrile, ratio 975:25) and eluted with a linear gradient of mobile phase B (water-acetonitrile-methanol (40:45:15) (0%, 3%, 6%, 9%, 40%, and 100%)) at a flow rate of 1 ml/min at 46
• C. The concentrations of free amino acids and dipeptides were determined by their absorbance at a wavelength of 254 nm. The amino acid concentrations were expressed as pmol/mg wet tissue in the brain or liver and as pmol/μl in the plasma. The system applied here could not separate L-and D-forms of amino acids therefore, the results for the determined amino acids were only used the names of the amino acids.
Statistical Analysis
Since there were two factors (in ovo feeding and embryonic days in Experiment 1, and in ovo feeding and ambient temperature in Experiment 2), data were statistically analyzed by two-way analysis of variance (ANOVA) to determine the main effects of in ovo feeding and of ambient temperature or embryonic age, as well as of their interaction. When a significant interaction was detected, a post-hoc analysis using HolmSidak's multiple comparisons test was applied to examine the interaction effect of in ovo L-Leu feeding and ambient temperature or of in ovo L-Leu feeding and embryonic age on dependent variables. Statistical analyses were performed using a commercially available package-GraphPad Prism 6 (GraphPad Software Inc., San Diego, CA). Significant differences were denoted as P < 0.05. Data were expressed as mean ± SEM. All data in each group were first subjected to a Thompson's rejection test as described by Kobayashi and Pillai (2013) to eliminate outliers (P < 0.01), and the remaining data were used for the analysis among groups. The number of chicks used for statistical analysis in each group is shown in the Experimental design, Figure legends and Table notes .
RESULTS
mTOR and HSP Genes Expression in the Brain, Muscle and Liver of Broiler Embryos or of Chicks
The in ovo feeding of L-Leu increased (P < 0.05) mTOR mRNA expression in the embryonic breast muscle ( Figure 1A) . Embryonic age caused a significant (P < 0.001) decline in mTOR and S6K1 gene expressions and a significant (P < 0.01) increment in 4E-BP1 gene expression in the breast muscle (Figures 1A-1C ). Significant interactions (P < 0.05) between in ovo L-Leu feeding and embryonic age for mTOR, S6K1, and 4EBP1 indicate that with the progress of embryonic age, mTOR gene expression did not change in the control embryos; however, S6K1 decreased (P < 0.001) and 4E-BP1 increased (P < 0.01) in control chicks, while in ovo feeding of LLeu caused the gene expressions of mTOR, S6K1, and 4E-BP1 to increase (P < 0.05) at ED 14 but not at ED19 in the breast muscle ( Figures 1A-1C) . The mRNA expression of mTOR, S6K1, and 4E-BP1 in the breast muscle was not affected by in ovo feeding of L-Leu in post-hatched chicks under heat stress (Figures 1D-1F) . The gene expressions of mTOR, S6K1, and 4E-BP1 in the whole brain and liver of embryos and post-hatched heat-exposed chicks were not influenced by in ovo feeding of L-Leu (data not shown).
Heat stress increased (P < 0.05) the gene expression of HSP-70 in the diencephalon and liver (Figures 2A and 2E) , and of HSP-90 in the muscle and liver ( Figures 2D and 2F) . In ovo feeding of L-Leu attenuated (P < 0.05) HSP-70 gene expression in the brain and muscle (Figures 2A and 2C ). Significant interactions (P < 0.05) between in ovo L-Leu feeding and high temperature for diencephalic HSP-70 and -90 indicate that heat stress increased (P < 0.05) the gene expressions of HSP-70 and -90 in control chicks, but not in chicks fed L-Leu in ovo (Figures 2A and 2B ).
Free Amino Acid Concentrations in the Diencephalon, Liver and Plasma
The changes in free amino acids concentration in the diencephalon, liver, and plasma of broiler chicks are shown in Figure 3 and Tables 2 and 3. We found that in ovo feeding of L-Leu caused a significant decline in brain arginine (Arg) concentrations (P < 0.05). Heat stress reduced (P < 0.05) the plasma Arg concentration and increased (P < 0.05) the hepatic lysine (Lys) concentration. Significant interactions (P < 0.05) between high temperature and in ovo L-Leu feeding were found for Arg and Lys in the diencephalon and liver and only for Lys in the plasma, which indicated that heat stress caused a reduction (P < 0.05) in the diencephalic Arg concentration ( Figure 3A ) and an increase (P < 0.05) in the hepatic Lys concentration ( Figure 3E ) in chicks fed L-Leu in ovo. However, heat stress increased (P < 0.05) the hepatic Arg concentration ( Figure 3B ) in control chicks. Moreover, brain and plasma Lys concentrations were higher (P < 0.05) in chicks fed L-Leu in ovo compared with the control chicks under the heat-exposure condition ( Figures 3D  and 3F) . In ovo feeding of L-Leu increased (P < 0.05) the plasma 3-methyl-histidine (3-MH) concentration compared with the control chicks ( Table 3 ). The concentrations of tyrosine (Tyr) and ornithine (Orn) were lower (P < 0.05) in the diencephalon and liver, respectively, in chicks fed L-Leu in ovo compared with the control chicks. Heat stress influenced several amino acids concentration in the diencephalon and plasma, (D, E, F) . The number of chicks in each group was as follows: Control (n = 9), L-Leu (ED 14 = 6, ED 19 = 8) for embryos; Control (n = 7), L-Leu (CT = 6, HT = 7) for post-hatched chicks. Different superscripts indicate significant (P < 0.05) differences. Values are mean ± SEM. L-Leu, L-leucine; ED, embryonic day; mTOR, mammalian target of rapamycin; S6K1, ribosomal protein S6 kinase 1; 4EBP1, eukaryotic initiation factor 4E binding protein 1; CT, control thermoneutral temperature (28 ± 1
• C); HT, high ambient temperature (35 ± 1
• C).
indicating that heat stress reduced most of the amino acids concentration (Figure 3 and Tables 2 and 3 ). Significant interactions (P < 0.05) between in ovo L-Leu feeding and high temperature were found for the alanine (Ala) and Tyr concentrations in the diencephalon and for the phosphoserine concentration in the plasma, suggesting that HT significantly reduced the diencephalic Ala concentration and increased the plasma phosphoserine concentration in the control birds (Tables 2 and 3 ). However, in ovo feeding of L-Leu caused the brain Ala concentration to remain similar to that of the control chicks and minimized the increment of plasma phosphoserine concentration, while it reduced the brain Tyr under heat stress. Significant interactions (P < 0.05) between in ovo L-Leu feeding and high temperature for glutamine (Gln), aspartic acid (Asp), and cystathionine (Cys) in the liver indicate that heat stress increased (P < 0.05) Gln and Asp and reduced (P < 0.05) Cys concentrations in control chicks; in ovo feeding of L-Leu kept the concentrations of these three amino acids normal under heat stress (Table 2 ). (A, B) , muscle (C, D), and liver (E, F) of 9-d-old male broiler chicks exposed to either control thermoneutral temperature (CT; 28 ± 1
• C) or high ambient temperature (HT; 35 ± 1
• C) for 180 min. The number of chicks in each group was as follows: Control (n = 7), L-Leu (CT = 6, HT = 7). Different superscripts indicate significant (P < 0.05) differences. Values are mean ± SEM. L-Leu, L-leucine; HSP, heat-shock protein.
DISCUSSION
Recently, we reported that in ovo feeding of L-Leu afforded thermotolerance in male broiler chicks (Han et al., 2017 (Han et al., , 2018 ). In the current study, we conducted in ovo feeding of L-Leu and investigated the metabolic activity of amino acids and heat-stress-response-related gene expression in post-hatch male broiler chicks under heat stress. We confirmed that in ovo feeding of L-Leu on ED 7 during embryogenesis has a strong influence in terms of altering both the metabolism of amino acids and the cellular stress response processes in heatexposed broiler chicks.
In ovo feeding of L-Leu had no effect on amino acid metabolic alterations under CT. However, it showed significant effects on the modification of amino acids under heat stress in the current study. Previously, it was reported that heat stress altered the metabolism of amino acids in chicks Ito et al., 2014 Ito et al., , 2015 and rodents (Mason et al., 1997) . Amino acids play important roles in thermoregulation and energy metabolism (Chatterjee et al., 2005; Erwan et al., 2014; Chowdhury et al., 2017; Han et al., 2018) . It is interesting to note that Leu concentrations in heat-exposed chicks were not affected by in ovo feeding of L-Leu. However, some other amino acids concentration, including Arg, Lys, Tyr, and Cys, were significantly changed by in ovo feeding of L-Leu under heat stress, which suggests that embryonic L-Leu plays a critical role in modulating the metabolism of amino acids.
Recently, it was found that Lys was significantly reduced in the brain and liver and also Arg was reduced in the liver as a result of thermal manipulation in the middle of the embryogenic stage (Han et al., 2017) , which suggests that the metabolism of both Lys and Arg is influenced by heat stress. In the current study, the concentrations of Arg and Lys in the diencephalon, liver, and plasma showed an opposite pattern of changes under heat stress in chicks fed L-Leu in ovo compared with control chicks ( Figures 3A and 3B and 3D-3F) , which indicates that the metabolism of both Arg and Lys was clearly influenced by in ovo feeding of L-Leu. A striking feature of L-Arg relates to the synthesis of nitric oxide (NO). The biosynthesis of NO along with that of L-citrulline (L-Cit) involves the oxidation of LArg by NADPH and O 2 via the action of NO-synthase (NOS). It has been established that NO plays a key role in vasorelaxation, neurotransmission, immunocompetence, and so on (D'Mello, 2003) . It has been suggested that NO is an important agent in thermoregulation (De Luca et al., 1995) . Moreover, intraperitoneal injection of a NOS inhibitor, N G -nitro-L-arginine methyl ester hydrochloride, dose-dependently reduced rectal temperature in chicks (Chowdhury et al., 2017) . The L-Arg is further metabolized to L-Orn by the enzyme arginase. However, due to the absence of carbamoyl phosphate synthesis in chickens, L-Orn cannot be converted to LCit (Tamir and Ratner, 1963) . Central administration of L-Arg attenuated stress responses in neonatal chicks by producing L-Orn in the brain (Suenaga et al., 2008 ). In the current study, however, Orn and Cit concentrations were not changed in the chick brain, which further suggests that the reduced brain Arg possibly influenced NO synthesis. Therefore, it could be hypothesized that the reduced brain Arg was possibly connected to the changes in neuronal NO concentrations that occur in the regulation of body temperature under heat stress. Moreover, L-Arg is metabolized to agmatine and creatine, and L-Orn is further metabolized to L-glutamic acid, L-proline and polyamines (Morris, 2004) . Further research will clarify the roles of several metabolites of L-Arg as well as that of NO in the process of thermotolerance.
High L-Arg intake is associated with oxidative stress and increased lipid peroxidation (Carvalho et al., 2017) . Therefore, it could be speculated that the reduction of Arg in the brain under heat stress in chicks fed L-Leu in ovo could be beneficial. In addition, the decreased Arg and increased Lys in the current study could be further explained by the Arg-Lys antagonism which has been demonstrated in mammals and avians (D'Mello, 2003) . There is also some evidence to suggest that alterations in the Arg/Lys ratio may be beneficial under heat stress in broilers (Brake et al., 1998) .
The requirement for dietary L-Lys was increased under heat stress (Han and Baker, 1993) , and L-Lys supplementation appeared necessary to compensate for The number of chicks used in each group was as follows: Control (CT = 7, HT = 7), L-Leu (CT = 6, HT = 7). L-Leu, L-leucine; CT, 28 ± 1
• C, 180 min; HT, 35 ± 1 • C, 180 min; NS, not significant. 2 Only amino acids with significant changes (P < 0.05) are shown. Values are means ± SEM in pmol/mg. a,b Different superscripts in the same row indicate significant differences (P < 0.05) between groups.
the heat-stress-induced feed intake suppression and to improve the feed conversion ratio in broilers (Corzo et al., 2003) . The L-Lys concentration in plasma was increased and the L-Lys oxidative metabolism was significantly stimulated under chronic hypoglycemia to support fetal growth (Limesand et al., 2009) . The higher concentrations of Lys in the brain, liver, and plasma in chicks fed L-Leu in ovo may be linked to increasing β-oxidation for a higher energy supply under heat stress because previously it was reported that plasma triacylglycerol and non-esterified fatty acid were increased by in ovo feeding of L-Leu (Han et al., 2018 ). High energy is required to maintain homeostasis in thermoregulation under heat stress, and Yahav (2015) suggested that a decline in energy investment in high meat-producing broilers could be the reason for hyperthermia under heat stress.
The high concentration of liver Gln under heat stress in the control chicks became reduced to a normal level in the L-Leu feeding groups (Table 2 ). Gln might have been metabolized in the L-Leu group by glutamine synthetase for an anti-stress response since L-Gln supplementation has been found to alleviate oxidative stress (Aldarini et al., 2017) . L-Cys, which is synthesized from L-serine and L-homocysteine (Aitken et al., 2011) , was reduced in the liver without affecting the serine concentration in the control-fed chicks under heat stress, suggesting the possibility of increased homocysteine. Homocysteine has been reported as an inducer of oxidative stress (Matte et al., 2009 ). The liver is susceptible to oxidative stress during acute heat exposure in broiler chickens (Lin et al., 2006) . However, the Cys concentration became normal under heat stress in the L-Leu-fed chicks, which indicates that oxidative stress might be attenuated by in ovo feeding of L-Leu. Therefore, a homeostatic condition for hepatic Gln and Cys concentrations in chicks fed L-Leu in ovo represents an improved anti-oxidative status in heat-exposed chicks. Increased plasma 3-MH, an indicator of muscle protein catabolism (Pearcy and Murphy, 1997) , indicated that protein degradation was stimulated in breast muscle in chicks fed L-Leu in ovo under heat stress. Because there is a balance between protein catabolism and synthesis, it could be speculated that protein synthesis and metabolic activity of free amino acids were stimulated in chicks fed L-Leu in ovo under HT. Several amino acid concentrations were reduced in the plasma; however, β-alanine was increased by heat stress. These altered amino acids may serve as biomarkers of heat stress.
L-Leu and its metabolites stimulate protein synthesis (Duan et al., 2016) and energy homeostasis (Pedroso et al., 2015) by activation of the mTOR signaling pathway in skeletal muscle and adipose tissue. The increased gene expression of mTOR and 4EBP1 in embryonic breast muscle brought about by in ovo feeding of L-Leu ( Figures 1A and 1B) represents improved embryonic metabolic activity, which corresponds with the increased oxygen consumption and heat production on ED 14, as reported previously (Han et al., 2018) . However, the gene expression of the mTOR signaling pathway was not affected by in ovo feeding of L-Leu in post-hatched chicks, which corresponds with the unaltered Leu concentrations found in the diencephalon, muscle, and liver (Tables 2 and 3) . These results suggest that in ovo feeding of L-Leu plays a tissue-and agespecific regulatory role in the mTOR signaling pathway. Additionally, daily body weight gain was not affected by in ovo feeding of L-Leu in the current study (data Table 3 . Free amino acid contents of plasma exposed to high ambient temperature (HT) or control thermoneutral temperature (CT) in 9- The number of chicks used in each group was as follows: Control (CT = 7, HT = 7), L-Leu (CT = 6, HT = 7). L-Leu, L-leucine; CT, 28 ± 1
• C, 180 min; HT, 35 ± 1 • C, 180 min; NS, not significant. 2 Only amino acids with significant changes (P < 0.05) are shown. Values are means ± SEM in pmol/μl. a,b Different superscripts in the same row indicate significant differences (P < 0.05) between groups.
not shown), which might support the possibility that the mTOR signaling pathway gene expressions were not stimulated for higher protein synthesis.
In the present study, acute heat stress (35 ± 1 • C, 3 h) significantly increased diencephalic and hepatic HSP-70 gene expression in young broiler chicks. Yang et al. (2016) reported that HSP-70 gene expression in the diencephalon and liver was significantly increased under acute heat stress (40
• C, 180 min) in young layer chicks. The diencephalon is the neural center of thermoregulation (Yahav, 2015) , and is very sensitive to thermal stress. In the control in ovo fed chicks, heat stress significantly increased the HSP-70 and -90 gene expression in the diencephalon compared with CT, possibly to enhance the chaperone functions in order to reestablish the normal functions of denatured or malformed proteins without the influence of mTOR signaling. However, in ovo feeding of L-Leu caused the diencephalic gene expression of HSP-70 and -90 not to alter under heat stress (Figures 2A and 2B ). HSP-70 expression is also a useful marker of cellular injury and neurotoxicity (Rajdev and Sharp, 2000; Murakami, 2014) . Therefore, it could be hypothesized that cellular injury and the anti-oxidative status would be improved by the in ovo feeding of L-Leu, since Yang et al. (2016) reported that pine bark extract (flavangenol), a strong anti-oxidant, dose-dependently reduced the HSP mRNA expression in the brain. In addition, supplements of other antioxidative substances, such as zinc and vitamin C, also reduced expression of HSPs and attenuated heat stress (Yun et al., 2012; Sheikh et al., 2016) . With these findings taken together, it could be postulated that in ovo feeding of L-Leu may either enhance the cellular protective function under heat stress by blocking overexpression of HSP family genes, or modify the normal heat response through an altered metabolism during the embryonic stage. The increased HSP-70 and HSP-90 under heat stress in the liver further suggest that in ovo feeding of L-Leu causes an organ-specific response to heat exposure. It is critical to clarify in the future how embryonic L-Leu is involved in metabolic and antioxidative stress regulation in different organs with detailed molecular pathways.
In conclusion, in ovo feeding of L-Leu mainly influenced the metabolic activity of free amino acids, as well as silencing the gene expression of diencephalic HSPs under heat stress in broiler chicks. The metabolic activity of amino acids might have contributed to improving the cellular environment and the overall metabolic condition to afford thermotolerance in young male broiler chicks fed L-Leu in ovo.
